Abstract-Impact injuries of cartilage may initiate posttraumatic degeneration, making early detection of injury imperative for timely surgical or pharmaceutical interventions. Cationic (positively-charged) CT contrast agents detect loss of cartilage proteoglycans (PGs) more sensitively than anionic (negatively-charged) or non-ionic (non-charged, i.e., electrically neutral) agents. However, degeneration related loss of PGs and increase in water content have opposite effects on the diffusion of the cationic agent, lowering its sensitivity. In contrast to cationic agents, diffusion of nonionic agents is governed only by steric hindrance and water content of cartilage. We hypothesize that sensitivity of an iodine(I)-based cationic agent may be enhanced by simultaneous use of a non-ionic gadolinium(Gd)-based agent. We introduce a quantitative dual energy CT technique (QDECT) for simultaneous quantification of two contrast agents in cartilage. We employ this technique to improve the sensitivity of cationic CA4+ (q =+4) by normalizing its partition in cartilage with that of non-ionic gadoteridol. The technique was evaluated with measurements of contrast agent mixtures of known composition and human osteochondral samples (n = 57) after immersion (72 h) in mixture of CA4+ and gadoteridol. Samples were arthroscopically graded and biomechanically tested prior to QDECT (50/100 kV). QDECT determined contrast agent mixture compositions correlated with the true compositions (R 2 = 0.99, average error = 2.27%). Normalizing CA4+ partition in cartilage with that of gadoteridol improved correlation with equilibrium modulus (from q = 0.701 to 0.795). To conclude, QDECT enables simultaneous quantification of I and Gd contrast agents improving diagnosis of cartilage integrity and biomechanical status.
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INTRODUCTION
Mechanical impact injury of articular cartilage (e.g., fall or sports related accidents) often initiates cartilage degeneration and development of post-traumatic osteoarthritis (PTOA) due to the limited self-repair capability of the aneural and avascular cartilage tissue. 28 Using present diagnostic techniques, it has been challenging to detect tissue injury at its earliest stages. In contrast to primary osteoarthritis (OA), PTOA may be prevented with surgical or pharmaceutical interventions if detected early enough. 2, 6 The first signs of cartilage injury include disruption of superficial collagen network, loss of proteoglycans (PGs), and increase in water content. 5, 12 Symptoms experienced by a patient (e.g., pain and loss of mobility) arise only at later stages of disease progression, thus leaving clinicians with limited treatment options at the time of diagnosis. Hence, development of highly sensitive techniques, capable to detect lesions and earliest signs of posttraumatic degeneration in surrounding tissue, is imperative. Timely, intervention before repetitive mechanical loading could enable prevention of irreversible degeneration of cartilage.
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Magnetic resonance imaging (MRI) has shown success in characterizing cartilage tissue properties such as PG content, collagen orientation, and water content. 24, 25 MRI provides an excellent soft tissue contrast and has been the method of choice for clinical imaging of cartilage. However, the application of the promising in vitro findings to routine in vivo application has been hindered by relatively low spatial resolution and long scan times of clinical scanners. 23, 25 Computed tomography (CT) is a clinical imaging technique that provides high-resolution images with short scan time and with relatively low costs. Moreover, contrast-enhanced CT (CECT) enables the detection of cartilage degeneration and lesions as well as the estimation of tissue composition based on the diffusion of contrast agents. 17, 18, 23, 29 In CECT of the knee joint, anionic contrast agents are used to investigate cartilage tissue properties as their partition, i.e., ratio between contrast agent concentration inside the cartilage and the contrast agent concentration in the bath, is inversely proportional to the fixed negative charge induced by PGs. 15, 19, 21 Recently, cationic contrast agents were introduced for CT imaging of cartilage.
5,14,34 Cationic contrast agent molecules, such as iodine (I)-based CA4+ (5,5¢-(-malonylbis(azanediyl))bis(N 1 ,N 3 -bis(2-aminoethyl)-2,4, 6-triiodoisophthalamide), are attracted by the fixed negative charge of PGs in cartilage, providing potentially a more sensitive technique for monitoring PG content in tissue compared with the use of anionic and non-ionic agents. 5, 22, 35 In intact cartilage, high PG content enables a high uptake of a cationic agent. However, in a degenerated condition, the tissue permeability and water content of cartilage are elevated, allowing rapid diffusion of contrast agents. 3, 17 Hence, characteristic tissue changes related to post-traumatic degeneration, such as loss of PGs and increase of water content, have opposite effects on the diffusion of cationic agents lowering their sensitivity. 3, 4, 17 Gibbs-Donnan theory describes the equilibrium between the concentrations of different ions in the electrolytic solutions separated by a membrane. 1 The diffusion of cationic contrast agents in cartilage is governed by PG and water contents, whereas with non-ionic agents, the diffusion is mainly controlled by water content of the tissue. 27 To improve the diagnostic potential and enhance the sensitivity of a cationic contrast agent (e.g., I-based CA4+), it could be used simultaneously with a non-ionic agent [e.g., gadolinium (Gd)-based gadoteridol]. Gadoteridol was selected as it is a non-ionic contrast agent, and hence, its diffusion in cartilage is governed only by tissue water content and permeability, unlike CA4+ whose diffusion is primarily driven by high affinity with negatively charged PGs. Secondly, gadoteridol is a Gd-based contrast agent having well-separated Kabsorption edge (50.2 keV) to that of I-based CA4+ (33.1 keV) which is vital for separation of two contrast agents based on CT measurements of X-ray absorption. Moreover, gadoteridol is relatively safe and routinely used in clinical applications.
By normalizing (dividing) the partition of a cationic agent with that of non-ionic one, the diagnostic potential of the cationic agent may be maximized. Further, we hypothesize that with the application of two X-ray tube voltages (50 and 100 kV), simultaneous quantification of I-and Gd-based agents is possible due to the element specific K-edges having significant effect on X-ray absorption. Moreover, the technique is not limited to the use of Gd-and I-based contrast agents. In theory, any combination of cationic and non-ionic agents with suitable K-edges can be injected intra-articularly and applied with the quantitative dual energy CT technique (QDECT).
The aims of the present study are to: (1) introduce the QDECT for simultaneous determination of the partitions of I-and Gd-based contrast agents in a mixture; (2) determine the partitions of cationic and non-ionic agents in cartilage using QDECT; (3) evaluate the change in the diagnostic sensitivity of the cationic CA4+ contrast agent after normalization of its partition with that of a non-ionic agent; and (4) illustrate the association of partitions of contrast agents in cartilage with the tissue biomechanical properties.
MATERIALS AND METHODS

MicroCT Scanning of Contrast Agent Solutions and Mixtures
MicroCT (Skyscan 1172, Skyscan, Kontich, Belgium) imaging was conducted using two X-ray tube voltages (50 and 100 kV) and isotropic voxel size of 25 9 25 9 25 lm 3 . The image acquisition times were 18 and 10 min for 50 and 100 kV X-ray tube voltages, respectively. Additional filtering was used to obtain the desired X-ray spectra. When using a 50 kV tube voltage, maximum fraction of the spectrum was desired to locate between the K-edges of I (33.1 keV) and Gd (50.2 keV) to maximize the ratio of X-ray absorption caused by I and Gd (l I /l Gd ) (Fig. 1a) . To achieve this, 0.5 mm thick aluminum (Al) and 0.05 mm thick copper (Cu) filters provided by the microCT manufacturer were used along with a custom-made 0.1 mm thick Cu filter. When using 100 kV, the maximum fraction of the spectrum was desired to be above 50 kV to maximize the l Gd /l I ratio (Fig. 1a) . With a 100 kV tube voltage, a 0.5 mm thick Al filter was optimal to obtain the desired spectrum with the shortest possible imaging time. Mass attenuation coefficients of contrast agents were determined at both energies by imaging series of solutions with varying I (0, 12, 24, 48 mg/mL) and Gd (0, 12, 24, 48 mg/mL) concentrations in distilled water (Fig. 1b) .
Along Beer-Lambert law and Bragg's rule of mixtures 31 :
where I 0E and I E are the intensities of the incident and transmitted X-ray beams through material with attenuation coefficient a E at energy E, respectively. The concentrations of I (C I ) and Gd (C Gd ) in contrast agent mixtures can be solved using the Eqs. (3) and (4).
where l I 50 ; l Gd 50 ; l I 100 and l Gd 100 are the mass attenuation coefficients of the I and Gd-based contrast agents measured using 50 and 100 kV tube voltages. The dual energy technique was first tested with measurements of contrast agent mixtures of known I and Gd concentrations in distilled water [I/Gd concentration (mg/mL) ratios of 4.8/43.2, 9.6/38. 4 (Fig. 1c) .
Preparation and MicroCT Imaging of Osteochondral Samples
Osteochondral samples (n = 57, d = 8 mm, Fig. 2 ) were drilled out from human cadaver (n = 2, 68 and 79 years of age) knee joints (n = 4, distal femur and proximal tibia) (Decision Number 150/2016, Research Ethics Committee of the Northern Savo Hospital District, Kuopio University Hospital, Kuopio, Finland). Prior to the CT experiment, the mechanically tested samples were halved and the edges of one half were sealed with cyanoacrylate (Loctite, Henkel Norden AB, Dusseldorf, Germany) to allow contrast agent diffusion only through the articular surface. The samples were immersed in an isotonic mixture (3 mL/ sample) of I-based, cationic contrast agent (CA4+, 36 q = + 4, M = 1354 g/mol, 24 mg I/mL) and Gdbased, non-ionic agent (gadoteridol, q = 0, M = 558.69 g/mol, 24 mg Gd/mL, ProHance TM , Bracco Diagnostic, Inc., Monroe Twp., NJ, USA) bath. The concentration of contrast agent was selected to achieve an optimal signal-to-noise ratio without excessive beam hardening. The samples were immersed in the contrast agent bath at 4°C for 72 h to maximize the contrast agent diffusion in cartilage while preserving its structural integrity and also preventing the growth of bacteria and fungi. The bath was continuously gently stirred during the immersion of osteochondral samples. Contrast agent mixture (24 mg/mL of both I and Gd in distilled water) was supplemented with inhibitors of proteolytic enzymes [5 mM ethylenediaminetetraacetic acid (EDTA, VWR International, France) and penicillin-streptomycin-amphotericin (antibiotic antimycotic solution, stabilized, Sigma-Aldrich, Inc., St. Louis, MO, USA)] to prevent general degradation of proteins in tissue. The samples were removed from the contrast agent immersion solution and placed inside a humidified tube before scanning. Using the QDECT protocol, osteochondral samples were imaged using the same microCT imaging parameters used to characterize the attenuation profiles of the I-Gd mixtures.
Determining Contrast Agent Distribution
MicroCT images were reconstructed using a NRecon software (Bruker Co., Kontich, Belgium). Further microCT image data analysis were conducted using MATLAB (R2016b, Mathworks, Inc., Natick, MA, USA). The surface of cartilage and cartilage-bone interface were determined using segmentation software (Seg3D2 vs 2.2, The University of Utah, Salt Lake City, UT, USA) and a custom-made MATLAB code was used to select the cartilage volume of interest (VOI). 33 Depthwise X-ray attenuation profile was obtained from the segmented cartilage VOI (2000 lm 9 1250 lm 9 cartilage thickness). For each sample, native cartilage X-ray attenuation profile was subtracted from that measured after the contrast agent diffusion. The concentrations of I (C I ) and Gd (C Gd ) in cartilage were determined using the Eqs. (3) and (4), respectively.
Biomechanical Testing and ICRS Grading
A custom-made material testing device equipped with an actuator having resolution of 0.1 lm (PM500-1 A, Newport, Irvine, CA, USA) and a load cell with resolution of 0.005 N (Sensotec, Columbus, OH, USA) was employed for biomechanical testing of osteochondral samples. During the testing, the samples were immersed in phosphate buffered saline supplemented with inhibitors of proteolytic enzymes [5 mM ED-TA (VWR International) and 5 mM benzamidine hydrochloride hydrate (Sigma-Aldrich, Inc.)]. A flat ended metallic indenter [d = 728 lm (n = 29) or d = 667 lm (n = 28)] was driven in perpendicular contact with the articular surface using a pre stress of 12.5 kPa. 20 The variation in indenter tip diameter was taken into account when calculating the modulus values using the Hayes model. 13 The stress relaxation protocol consisting of four compressive steps (each being 5% of cartilage thickness, 100%/s ramp rate) was implemented with a 900 s relaxation after each step. The equilibrium modulus (E equilibrium , fit to the equilibrium points of the last three steps) and instantaneous modulus (E instantaneous , the ramp phase of the third step) were calculated using the Hayes model. Following stress-strain relaxation tests, dynamic modulus (E dynamic ) was determined based on Hayes model using sinusoidal loading (f = 1 Hz, strain amplitude = 2% of cartilage thickness). By using an arthroscope, an experienced orthopaedic surgeon (A.J.) graded all the cartilage sample locations before sample extraction using the International Cartilage Repair Society (ICRS) grading (ICRS 0 (n = 16), ICRS 1 (n = 13), ICRS 2 (n = 20), ICRS 3 (n = 7), ICRS 4 (n = 1)). 8 
Statistical Analysis
Pearson's correlation was used to analyze the relation between the true and measured I and Gd concentrations in contrast agent mixtures. Spearman's rho (q) was determined to analyze the relation between contrast agent partitions in cartilage and the values of biomechanical moduli. A nonparametric test (Spearman's correlation) was applied since the data were not normally distributed (Shapiro-Wilk test). Even though the trend towards higher correlations with most reference parameters was observed after normalization, the enhancement in cor- relations was not statistically significant (Zou's method). 37 All the statistical analyses were performed by the first author (A. B.) using SPSS (vs. 23.0.0.2, SPSS, Inc., IBM Company, Armonk, NY, USA).
RESULTS
Composition of the contrast agent mixture, as determined with the dual energy technique, correlated linearly with the true mixture composition (R 2 =0.99, p < 0.01), with an average error of 2.27 percentage points (Fig. 1c) . After immersing human osteochondral samples (n =57) for 72 h in the contrast agent mixture, the partitions (mean ± SD) of CA4+ and gadoteridol in cartilage were 197.6 ± 28.4 and 66.0 ± 9.2%, respectively (Table 1 ). CA4+ and gadoteridol partitions determined with the dual energy technique showed increasing and decreasing trends, respectively, along cartilage depth (Fig. 3) . In the superficial 500 lm of cartilage, partitions of CA4+ (0.656 £ q £ 0.701, p < 0.001) and gadoteridol (2 0.566 ‡ q ‡ 2 0.583, p < 0.001) correlated significantly with the cartilage biomechanical properties (Table 2) . Importantly, normalization (division) of CA4+ partition with that of gadoteridol in the superficial cartilage improved linear correlations with the biomechanical parameters, e.g., with E equilibrium from q = 0.701 to 0.795 (Table 2) . Furthermore, normalizing CA4+ partition in full thickness cartilage with that of gadoteridol improved the correlation with ICRS grading (from q = 2 0.385 to 2 0.458) ( Table 2 , Fig. 4 ).
DISCUSSION
The most important outcome of the study is the introduced QDECT methodology for simultaneous quantification of I (CA4+) and Gd (gadoteridol) contrast agents in human articular cartilage. We hypothesized that this novel technique would enable simultaneous determination of the depthwise distribution of the two contrast agents. Furthermore, we hypothesized that the diagnostic sensitivity of the cationic contrast agent would improve by normalizing its partition with that of the non-ionic agent. Our experimental findings confirmed both hypotheses.
Cartilage degeneration in OA involves loss of PGs, disruption in the collagen network, and increase in water content. 10 In OA, loss of PGs and increase in water content occur simultaneously having opposite effects on the diffusion of cationic agents. Unfortunately, this limits the diagnostic value of cationic contrast agents at clinically relevant imaging time points (< 1 h after contrast agent administration, i.e., when diffusion equilibrium has not been reached).
In the present experiment, the equilibrium partition of the cationic agent (CA4+) was nearly three times that of the non-ionic agent (gadoteridol) and increased towards the deep cartilage. This is in line with previous reports 5, 14, 22, 36 as the uptake of cationic contrast agents is proportional to the negative fixed charge density (i.e., PG content) which is known to be higher in the middle and deep zones of cartilage. On the contrary, the partition of non-ionic gadoteridol decreased as a function of cartilage depth. This was also expected as cartilage water content decreases with increasing cartilage tissue depth. 7, 9 The permeability of cartilage to electrically neutral agents reduces with increasing cartilage tissue depth. This is due to the increased steric hindrance of contrast agent molecules induced by the collagen network and the highly concentrated PGs. 26, 28, 30 Hence, the quantification of non-ionic agent's partition along the tissue depth provides information of water content and permeability of the cartilage extracellular matrix.
Simultaneous determination of the partitions of both agents with the dual energy technique enabled TABLE 1. Values of biomechanical moduli (instantaneous, equilibrium and dynamic) and contrast agent partitions (mean 6 SD) in superficial and full thickness cartilage in osteochondral samples extracted from tibial and femoral locations in human cadaver (n = 2) knee joints (n = 4). normalization of cationic agent partition with that of the non-ionic agent. The uptake of cationic contrast agents is predominantly governed by cartilage PG content but also by the tissue water content. Hence, a cationic agent fails to sensitively discern intact (high PG content) and degenerated (high water content) cartilage as the agent's diffusion increases with increase in cartilage water and PG contents. In contrast, the diffusion of non-ionic agents is controlled by cartilage water content. Thus, normalizing the partition of the cationic agent with that of the non-ionic agent improves the sensitivity of the cationic agent providing uptake based only by cartilage PG content. In line with our hypothesis, the normalization of the CA4+ partition in the superficial cartilage improved its correlation with the cartilage biomechanical properties (E equilibrium from q = 0.701 to 0.795, E dynamic modulus from q = 0.656 to 0.748) and structural integrity (ICRS grade from q = 2 0.398 to 2 0.408). Even though the trend towards higher correlations after normalization was observed with most reference parameters, the enhancement in correlation was not statistically significant. This is possibly due to the relatively low sample number (n = 57) in the present study. Correlation between biomechanical moduli and normalized CA4+ in full thickness cartilage did not demonstrate enhancement in CA4+ sensitivity as with the cartilage superficial layer. This could be due to superficial layer controlling cartilage indentation response. 16, 20 Based on these results, the introduced QDECT technique may have potential for clinical diagnostics of degenerative cartilage conditions. However, the current study protocol has limitations. The dual energy CT imaging was conducted at diffusion equilibrium (osteochondral plugs immersed for 72 h in contrast agent bath). In normal clinical practice, CECT scanning is carried out in earlier time points, i.e., at 45 min after administration of the contrast agent. 19, 29 During the first hour, the diffusion is fast and the depthwise partitions of the contrast agents are changing rapidly.
14 In such a scenario, imaging with two energies must be done as instantaneously and simultaneously as possible. This is not a problem with clinical scanners but might jeopardize the reliability of the results when using high resolution microCT-scanners with longer imaging times. In the present study, imaging was conducted at diffusion equilibrium; therefore, this was not a problem. Hence, future studies should investigate the QDECT technique using a clinical CT device on all phases of the diffusion process and most importantly in clinically relevant time points. CT is based on the use of ionizing radiation with radiation dose to the patient. Fortunately, the doses induced during imaging of a knee are low. 32 Moreover, by applying orthopaedic cone beam CT scanner even lower doses may be used. 32 Cartilage samples were extracted from 17 different locations of the knee joint (Fig. 2) inducing variations in cartilage structural and compositional properties. Furthermore, as the introduced CT technique is intended for mapping of cartilage properties in a knee, the present samples provided a relevant set.
To conclude, QDECT imaging enables simultaneous determination of the distribution of I-and Gdbased contrast agents in cartilage. Using cationic and non-ionic agents simultaneously improves the diagnostic sensitivity of the cationic agent. Even though the present study was carried out using a laboratory microCT device, the QDECT technique demonstrates potential for future clinical applications. 
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